Addition of human papillomavirus (HPV) E7 CDK2/cyclin A or CDK2/cyclin E, purified from either insect cells or bacteria, dramatically upregulates histone H1 kinase activity. Activation is substrate specific, with a smaller effect noted for retinoblastoma protein (Rb). The CDK2 stimulatory activity is equivalent in high-risk (HPV type 16 [HPV16] and HPV31) and low-risk (HPV6b) E7. Mutational analyses of HPV16 E7 indicate that the major activity resides in amino acids 9 to 38, spanning CR1 and CR2, and does not require casein kinase II or Rb-binding domain functions. Synthetic peptides spanning HPV16 amino acid residues 9 to 38 also activate CDK2. Peptides containing this sequence that carry biotin on the carboxy terminus, as well as a photoactivated cross-linking group (benzophenone), also activate the complex and covalently associate with the CDK2/cyclin A complex in a specific manner requiring UV. Cross-linking studies that use protein monomers detect association of the E7 peptides with cyclin A but not CDK2. Together, our results indicate a novel mechanism whereby E7 promotes HPV replication by directly altering CDK2 activity and substrate specificity.
The human papillomaviruses (HPVs) are a large family of small (ϳ8 kb) DNA viruses that infect stratified squamous epithelia and cause warts (27) . Certain high-risk genotypes infecting mucosal epithelia, including HPV type 16 (HPV16), HPV18, and HPV31, are implicated as critical etiological agents in cervical and other cancers (56) . The E6 and E7 genes from these genotypes are potent, cooperating oncogenes. E6 binds to p53, resulting in its ubiquitin-dependent degradation (47, 51) , while E7 binds and promotes degradation of the tumor suppressor pRB (21, 24, 30) . However, E6 and E7 have other activities, and while their roles in the viral life cycle are not fully understood, it is believed that they play a central role in promoting the S phase in the differentiating keratinocyte so that host replication proteins are available to advance viral DNA amplification.
The HPV life cycle is regulated in a differentiation-dependent manner within stratified squamous epithelia. HPV DNA replication depends heavily upon the host cell replication machinery. HPV DNA is maintained as an episome in the basal cell layer, which contains the dividing cell population. Cells depart the basal layer, move upward through the epithelium, differentiate, and die (3, 17) . Viral DNA undergoes vegetative replication (amplification) within the differentiated keratinocyte in preparation for packaging and sloughing within the dead, cornified cells of the epithelium (8) . Differentiated keratinocytes are normally withdrawn from the cell cycle and are unable to support DNA synthesis. However, E7 provides an activity that promotes DNA synthesis within these cells that permits viral DNA amplification (7, 18, 29) . Consequently, E7 functions within one or more pathways that regulate S-phase entry and progression.
Cell cycle progression is regulated by the cyclin-dependent kinase (CDK) family. In mammalian cells movement into and progression through the S phase are both regulated by CDK2 complexed with cyclins E and A (14) . CDK activity is tightly controlled throughout the cell cycle by phosphorylation, by association with cyclins, and by association with inhibitory proteins (38, 44) . CDK2 differs from CDK4/CDK6 in that it also acts independently of the retinoblastoma protein (Rb)-E2F pathway to facilitate S-phase entry and progression (33) . CDK2 substrates include Rb and related pocket proteins (14, 22) , p27 (48) , E2F (23, 39) , CDC7 (34) , and NPAT (55) . Histone H1 has also been identified as a CDK2 substrate whose phosphorylation in late G 1 and early S phases relaxes chromatin structure in preparation for DNA synthesis (5, 26, 45) .
HPV E7 binds several cell cycle-regulatory elements. E7 binding and degradation of Rb are the best-characterized functions of E7 (21, 24, 25) . Previous studies have also demonstrated E7 binding to cyclin A/CDK2 (10, 50) and cyclin E/CDK2 (37) in cell extracts, but these findings are largely attributed to indirect binding mediated by p107 and related pocket proteins (see references 37 and 41 for discussion). E7 also binds the KIP family members p21 and p27 (20, 31, 54) , which are critical for cell cycle advancement and S-phase entry. Binding and inhibition of proteins in these pathways may promote entry into the S phase by abolition of Rb effects on the transcription factor E2F.
Keratinocytes exit the cell cycle, differentiate, and die during the course of epithelial stratification. These events are normally irreversible, but HPV E7 is sufficient to promote an unscheduled round of DNA synthesis in differentiated keratinocytes (7, 29) . E7 is also required during the viral life cycle in raft cultures for viral DNA amplification (18) . How E7 performs these functions is not known. E7 is able to overcome negative growth signals in cells, including those mediated by transforming growth factor ␤, loss of substrate adherence, and cell cycle exit induced by serum deprivation and calcium (42, 46) . These activities contribute to the immortalization and transforming potential of E7 and correlate in part with the ability of E7 to bind pRb family members. However, strong evidence exists for functions in addition to pocket protein binding that are required for immortalization and transformation (2, 12, 28, 37) .
Direct binding of E7 to the CDK2 complex continues to be an attractive mechanism by which E7 promotes S-phase entry for various reasons, including repeated demonstrations of association of E7 with the CDK2 complex (10, 16, 37, 50) ; lack of conservation of known functional activities, such as Rb binding, among high-and low-risk forms of E7 (40); weak association of E7 Rb-binding activity with its cell cycle-promoting activity (6, 16) ; and lack of a requirement for Rb binding for wart formation by cottontail rabbit papillomavirus (11) . Consequently, the means by which E7 promotes S-phase entry is uncertain and of high interest. In the present study, we tested if E7 could directly alter CDK2 activity in vitro. HPV E7 from both high-risk (HPV16 and HPV31) and low-risk (HPV6b) viruses, as well as E7 synthetic peptides, directly promoted cyclin A/CDK2 and cyclin E/CDK2 histone H1 kinase activity. The direct and specific association of E7 with the CDK2 complex was demonstrated by cross-linking experiments. Our results suggest a simple and direct mechanism by which HPV E7 may act in the HPV life cycle to promote the S phase.
final concentration of 150 mM, the cells were sonicated on ice for 2 min with a Branson sonifier (100% duty cycle with an output of 4), and the lysate was clarified by centrifugation. GST-cyclin complexes were then isolated by affinity chromatography with glutathione-Sepharose beads (Pharmacia Biotech). Following extensive washing the complexes were eluted with 15 mM reduced glutathione in 50 mM Tris-HCl, pH 8.0. Eluted proteins were examined by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and immunoblotting to confirm purity of the cyclin A/CDK2 and cyclin E/CDK2 complexes. CDK5/p25 was provided by K. Leach (Pharmacia Corp.). Bacterially expressed, reconstituted cyclin A/CDK2 kinase, mitogen-activated protein (MAP) kinase I, and myelin basic protein (MBP) were purchased from Upstate Biotechnologies (Lake Placid, N.Y.).
Pooled fractions of GST-cyclin A monomers were prepared by glutathione affinity as above, diluted 1:7 in buffer 75 (20 mM bicine, pH 8.0, 75 mM NaCl, 5% glycerol, and 1 mM dithiothreitol [DTT]), and were loaded on a Q-Sepharose column. After extensive washing with buffer 125 (20 mM bicine, pH 8.0, 125 mM NaCl, 5% glycerol, and 1 mM DTT), GST-cyclin A was eluted with buffer 200 (20 mM bicine, pH 8.0, 200 mM NaCl, 5% glycerol, and 1 mM DTT). CDK2-HA monomer was purified with the Catch and Release Immunoprecipitation System (Upstate Biotechnologies) by using the manufacturer's recommendations.
Kinase assays. Activity of purified cyclin A/CDK2 or cyclin E/CDK2 complexes (40 ng; ϳ15 nM) was measured following addition of 1 l of 2 mCi of [␥-
32 P]ATP (Amersham Pharmacia Biotech)/ml and 3.75 g of histone H1 (Boehringer Mannheim) per 30-l assay, and incubation at 30°C for 15 min in kinase buffer (20 mM MgCl, 10 mM EGTA, and 40 mM HEPES, pH 7.0). The assay time fell within the linear portion of time course experiments (data not shown). In some assays, full-length, purified Rb (QED Bioscience, Inc.) was used as substrate at 3.75 g per assay. Purified MBP-E1 (1 g) and MBP-E2 (2 g) (provided by J. Shelley and P. Wells, Pharmacia Corp.) were used as substrates in some experiments. GST-E7 (1 g) was directly added to purified recombinant CDK2 complexes and was incubated on ice in kinase buffer for 30 min prior to assay. The kinase reactions were stopped by addition of 2ϫ sample buffer (32) , and phosphorylated proteins were analyzed by SDS-PAGE followed by autoradiography and PhosphorImager analysis. In some cases, E7 activity is represented as activation (n-fold), which was calculated by direct comparison, under identical conditions, to kinase that received no E7.
GST-E7 (1 g) was preincubated with p27 (200 ng) at room temperature for 1 h prior to assay in some experiments. For these assays human p27 cDNA was subcloned into pTrcHisB (Invitrogen) and was expressed in bacteria. Histidinetagged, full-length p27 was purified by Ni 2ϩ -affinity chromatography. Peptide synthesis. Synthesis of the initial biotinylated peptide was at 0.25-mmol scale. Fmoc-Gly-Wang resin (0.301 g) (0.83 mmol/g; Advanced Chemtech) was used as the starting resin for the synthesis. Following removal of the Fmoc group with 20% piperidine-dimethyl formamide (DMF) and subsequent washes with DMF,
was manually coupled to the Gly-resin with PyBop (1 mmol) and diethylpropylethylamine (2.2 mmol) for 3 h at room temperature in a small reaction vessel. This resin was then placed on an ABI 433A Peptide Synthesizer, and the remaining peptide sequence was synthesized by utilizing 433A automated Fmoc/O-benzotriazole-N-N-NЈ-NЈ-tetramethyl-uranium-hexafluorophosphate-mediated synthesis protocols. The peptide was cleaved from the resin in 10 ml of a solution containing 95% trifluoroacetic acid (TFA), 3% anisole, 1% ethanedithiol, and 1% ethyl methyl sulfide for 3 h at room temperature. The cleavage solution was filtered through a sintered glass funnel and was evaporated to near-dryness under reduced pressure. The crude peptide was collected on a sintered glass funnel, washed with diethyl ether, dissolved in dilute acetic acid, and evaporated to dryness under reduced pressure. The residue was dissolved in water and was lyophilized.
Purification of this peptide was accomplished by reverse-phase preparative high-pressure liquid chromatography (HPLC). The crude peptide was dissolved in dilute acetic acid, filtered, and loaded onto a preparative reverse-phase column (22 by 250 mm, 10 m; Vydac C 18 ) at 5 ml of solvent A/ml (100% water ϩ 0.1% TFA). The linear gradient used was 0 to 40% solvent B (acetonitrile ϩ 0.1% TFA) over 150 min. The column effluent was monitored by absorbance at 220 and 280 nm. Fractions were monitored on an analytical reverse-phase system The purified peptide was divided into two equal portions for addition of the benzophenone moieties. To one portion (0.030 g) of the peptide an aminereactive probe, benzophenone-4-isothiocyanate (Molecular Probes), was added in the following manner: the peptide was dissolved in 4 ml of 0.1 M sodium bicarbonate buffer, pH 9.0, and 100 mg of the benzophenone-4-isothiocyanate in 0.5 ml of DMF was added. The reaction went for 1.5 h and was monitored by analytical HPLC (same conditions as above). The reaction mixture was evaporated to near-dryness under reduced pressure, diluted with water, and loaded onto a preparative reverse-phase column for purification (same conditions as above). Pooled fractions were lyophilized. The authenticity of the peptide was established by mass spectrometry (same as above). The expected weight of 5,241.7 was confirmed.
To the second portion of the purified parent peptide, benzophenone-4-maleimide (Molecular Probes) was added in the following manner: the peptide was dissolved in 4 ml of degassed (nitrogen bubble) KH 2 PO 4 /NaOH buffer (pH ϭ 7.0). The benzophenone-4-maleimide was dissolved in 250 l of dry DMF and was immediately added to the peptide/buffer mixture. The reaction was monitored by Ellman reagent and analytical HPLC (same conditions as above) and came to completion in less than 1 h. Five hundred microliters of glacial acetic acid was added to the reaction mixture, and the mixture was filtered through a fine glass fritted funnel. The peptide was then purified by HPLC (same conditions as above). Pooled fractions were lyophilized. The expected weight of 5,241.7 was confirmed (same as above).
Cross-linking experiments. Peptides were preincubated for 1 h on ice with 0.1 M purified recombinant CDK2/cyclin A complex in kinase buffer (below) in a final reaction volume of 30 l. The reaction materials were then warmed to 30°C for 10 min and were spotted on Parafilm in a UV Stratalinker 2400 (Stratagene).
UV cross-linking was performed for 40 s (ϳ180,000 J/cm 2 ), and 15 l of 3ϫ sample buffer (32) was then added to each reaction. Samples were analyzed by SDS-PAGE with 10% polyacrylamide gels and were transferred to nylon/nitrocellulose membranes (Micron Separations Inc.), and biotinylated protein bands were detected by staining with the Vectastain Elite avidin-biotin complex kit (Vector Laboratories). In some experiments, competitor full-length 16E7 protein or 16E7 peptide spanning residues 9 to 48 was added prior to addition of the benzo-CYS-9-48-biotin (bio) peptide.
Immunoprecipitation. Rabbit immunoaffinity-purified CDK2 antibody (Upstate Biotechnologies) was added to 120 l of UV cross-linked reactions in which the final concentrations of CDK2/cyclin A and benzo-CYS-9-48-bio were 0.25 and 2.5 M, respectively. PBS containing 0.2% NP-40 was then added to bring the reaction volume to 400 l, and the sample was incubated on a rotator at 4°C for 2 h. Samples were then mixed with 25 l of protein A/G Plus agarose beads (Santa Cruz Biotechnologies) that were washed twice in PBS-0.2% NP-40. After 2.5 h of additional incubation at 4°C, beads were pelleted and pellets were washed five times in PBS-0.2% NP-40. Laemmli sample buffer (50 l of 2ϫ buffer) was added, and samples were incubated at 100°C for 5 min. Beads were removed, material was run on SDS-10% polyacrylamide gels and electrophoretically blotted to nitrocellulose membranes (Micron Separations, Inc.), and biotinylated proteins were detected with the avidin-biotin complex reagent kit (Vector Laboratories).
RESULTS
The effect of HPV E7 on CDK2 kinase activity was examined by using purified proteins. CDK2 complexed with cyclin E had low histone H1 kinase activity relative to Rb kinase activity a Activation of kinase-substrate combinations is expressed as increase (n-fold) over controls that received no E7. (Fig. 1A) . Addition of GST-16E7 dramatically promoted the phosphorylation of histone H1 by CDK2 complexed with cyclin E (Fig. 1A) or cyclin A (Fig. 1B) , while having modest effects on Rb phosphorylation (Fig. 1A) . GST alone had no effect on kinase activity (data not shown; see Fig. 3 ), and E7 purified away from the GST fusion tag also showed excellent CDK2-stimulatory activity (data not shown; see Fig. 5 ). The addition of CDK inhibitory proteins p27 (Fig. 1A and B ) and p21 (data not shown) inhibited CDK2 activity in spite of excess amounts of GST-16E7 ( Fig. 1 ) or purified 16E7 (data not shown). Activation of CDK2/cyclin A histone H1 kinase activity by GST-16E7 was dose dependent up to 640 ng of GST-16E7 (ϳ0.6 M E7) ( Fig. 2A and B) . The CDK2/cyclin A complex isolated from bacteria was also strongly activated by purified 16E7 (Fig. 2C) .
The effects of GST-16E7 on other kinase and substrate combinations were tested in order to further characterize E7 specificity. Table 1 summarizes results from numerous experiments. Maximum effects of E7 were noted on CDK2 complexed with either cyclin A or E, while the histone H1 kinase activity of the CDC2/cyclin B complex was unaffected by GST-16E7. Histone H1 kinase activity of the CDK5/p25 complex showed a modest stimulation by GST-16E7, while MAP kinase I was unaffected (Table 1) .
Another high-risk E7 (GST-31E7), as well as a low-risk E7 (GST-6bE7), was expressed and were purified to determine if other E7 types might exhibit similar activities. Table 2 summarizes the effects of these proteins on CDK2/cyclin A complexes in experiments that use either histone H1 or Rb as substrate. In this particular experiment CDK2/cyclin A was stimulated 18-fold by GST-16E7, while 16E7 purified away from its fusion tag stimulated kinase activity by 14-fold. GST-31E7 and GST6bE7 fusion proteins also had potent stimulatory effects on CDK2 histone H1 kinase activity. GST-6bE7 displayed an intermediate effect relative to GST-16E7 and GST-31E7, while all three GST-E7 proteins had similar, smaller effects on Rb kinase activity ( Table 2 ).
The identity of the required E7 domain(s) was next sought by using mutational analysis. An initial series of 16E7 deletion mutants examined the effects of removal of sequence from the amino and carboxy termini. These experiments demonstrated that GST-16E7 tolerates substantial truncation of C-terminal E7 residues (i.e., residues 39 to 98 or CR3) with only a moderate loss of CDK2 histone H1-promoting activity, while removal of residues from the amino terminus (i.e., within CR1) results in substantial losses of activity (data not shown). Therefore, the effects of deletions within CR1 and CR2 were examined (Fig. 3) . Deletions of the Rb-binding and casein kinase 2 domains resulted in only modest loss of activity. However, progressively larger deletions between amino acids 9 and 38 resulted in major losses in the ability to activate CDK2, with the 9-to-38-amino-acid deletion resulting in nearly complete FIG. 3 . Summary of deletion mutations of E7 demonstrating that the principal CDK2 effect resides within CR1 and CR2. Initial truncation experiments showed that the CDK2-promoting activity resides within conserved regions 1 and 2 (CR1 and CR2). Here we show that deletions of amino acids 9 to 38 result in a dramatic loss of CDK2 activation. The numbers on right side of figure indicate deleted amino acids (⌬22-26 and ⌬21-27, etc.) and percentage of control (full-length E7) CDK2 activation. (Fig. 3) . In summary, the core CDK2-promoting activity of E7 resides within sequences contained in CR1 and CR2 amino acids 9 to 38 (Fig. 3 ). Synthetic peptides were tested next for their ability to activate CDK2. Initial experiments with a peptide encompassing HPV16 residues 9 to 48 indicated that it activated CDK2, albeit at a higher concentration than required for recombinant E7 protein. A dose-response curve with the peptide showed that peak activation of CDK2 occurred at approximately 50 M (Fig. 4A and B) . Several peptides of various lengths were then tested at 100 M. These studies clearly showed that truncation of the peptides at either end significantly affected their ability to activate CDK2. For instance, truncation of aminoterminal residues 9 to 13 completely eliminated activity (Fig.  4C) . Truncation of carboxy-terminal residues 34 to 38 also caused a nearly complete loss of activity. Consequently, the minimal peptide required for CDK2 activation in the studies is encompassed in HPV16 residues 9 to 38.
The observation that E7 and E7-derived peptides activate purified CDK2 implies a direct interaction with the kinase complex. We pursued cross-linking studies to test this hypothesis and to determine if E7 might bind a CDK2 inhibitory protein. HPV16 9-48 peptides were designed with a biotin moiety on the carboxy terminus and a photoactivated benzophenone group on either the amino terminus (benzo-NH 2 -9-48 bio) or on cysteine 24 (benzo-CYS-9-48 bio) (Fig. 5) . All peptides stimulated CDK2 kinase activity (Fig. 6A) . Peptide-kinase mixtures were next exposed to UV light, and Western blotting was performed. Both benzophenone-containing peptides were found to incorporate into two bands believed to be phosphorylated variants of CDK2 and into a single band corresponding to GST-cyclin A (Fig. 6B) . In both cases the biotin-containing bands showed increases in molecular mass of ϳ5 kDa over what was expected, suggesting that both CDK2 and cyclin A were cross-linked to a single biotin-containing peptide. A ladder of biotin-reactive bands, which might suggest nonspecific binding or multiple binding sites, was never observed. No cross-linking to histone H1 was detected for either peptide (Fig. 6B) .
The specificity of cross-linking was examined by competition with the unlabeled HPV16 9-48 peptide and with purified fulllength E7. Both completely blocked cross-linking of the benzophenone-containing peptide (Fig. 6C ), suggesting that they recognize similar or closely associated binding sites on the kinase. To eliminate the possibility that the benozophenonecontaining peptide might be reacting with contaminating proteins other than cyclin A and CDK2, we performed immunoprecipitation-Western blot experiments. Both cyclin A and CDK2 antibodies precipitated the same biotin-containing bands, thus verifying that the E7 peptides are cross-linked directly to the CDK2/cyclin A complex (Fig. 6D) . The preference of E7 peptides for monomeric cyclin or CDK2 was tested next. Cyclin A, GST, or CDK2 was tested at various concentrations for cross-linking to the benzophenone-containing peptides. Only cyclin A (Fig. 6E) showed evidence of cross-linking with the E7 peptide.
DISCUSSION
Alleviation of the S-phase checkpoint is a major function of HPV E7 in the viral life cycle and cancer. An association of E7 with CDK2 in cells has been demonstrated by several laboratories (10, 16, 37, 50) , but it has remained unclear whether E7 can associate directly with the kinase. This report shows that HPV E7 dramatically and specifically promotes the histone H1 kinase activity of CDK2 complexed with either cyclin A or cyclin E. Furthermore, we demonstrate close association of E7 with the CDK2 complex by cross-linking, with a preference for cyclin A over CDK2 when these proteins are used in their monomeric form. These observations suggest that E7 peptides bind primarily to cyclin but that the benzophenone group is near enough to CDK2 within the complex to cross-link efficiently. Our observations point to a simple, direct mechanism by which E7 may advance the cell cycle progression via CDK2. In addition, our results suggest that E7 may act to redirect CDK2 activity toward targets that promote aspects of the viral life cycle.
Previous studies have implicated E7 interactions with p21 and p27 in regulating CDK2 activity (20, 24, 31, 54) . Several lines of evidence suggest that CDK2 activation by E7 in our system is not dependent upon these CDK inhibitors (CDKIs). First, we have used purified CDK2 complex. Because we could not completely rule out some contamination by insect cell CDKIs, we repeated our findings with kinase purified from bacteria. E7 also activated this CDK2/cyclin A kinase, indicating that CDKIs are not involved in CDK2 activation by E7. Our polyacrylamide gel analyses of the insect cell purified complex also show that, if these proteins are present, they are a minor contaminant and are not sufficient to explain the large E7-dependent increases in CDK2 activity. Second, addition of p21 or p27 to our kinase assays at levels well below those of E7 M) were with or without competitor E7 or E7 peptide. Both full-length 16E7 and the 9-48 16E7 peptide compete with the benzo-CYS-9-48-bio peptide for binding to the cyclin A/CDK2 complex. These results suggest that labeling of the CDK2/cyclin A complex by benzo-CYS-9-48-bio is specific and is not due to indiscriminate labeling of the complex. (D) Immunoprecipitation (IP) followed by Western blotting for incorporation of biotincontaining peptide into immunoprecipitated target protein(s) demonstrates that biotin-reactive bands in Western blots are cyclin A and CDK2 and that reactivity of these bands with benzo-CYS-9-48-bio peptide is dependent upon UV. (E) Cross-linking of benzophenone-containing peptides to increasing amounts of GST, cyclin A, or CDK2 demonstrates a strong preference of the peptide for cyclin A.
These finding suggest that E7 may initiate host and viral DNA synthesis by directly stimulating CDK2 phosphorylation of histone H1. Consistent with this suggestion is the observation that E7 induces DNA synthesis in quiescent cells by way of sequences residing in CR1 and CR2 (2, 43) . While histone H1 is normally a poor CDK2 substrate, relative to Rb, based on differences in K cat /K m (53), our study suggests that E7 enhances its phosphorylation by CDK2. Alternatively, since E7 is likely to alter CDK2 phosphorylation of substrates in addition to histone H1, our observations may reflect a wider-ranging change in CDK2 substrate preference.
Many of the known biological functions of E7 are related to its role as an oncogene, while less is known of E7 function in the papillomavirus life cycle. E7 has a number of protein binding functions, including the ability to bind TATA-binding proteins (35, 36) and AP-1 (1). Of most significance to the present study, E7 binds Rb family members (9, 13, 52), p21 (20, 31) , and p27 (54) , which all act in the CDK phosphorylation pathway to inhibit cell cycle progression. Since low-risk E7 is attenuated in these binding functions, it is unclear which, if any, are key for the HPV life cycle. Our data suggest that activation of CDK2 by E7 may be a key viral life cycle event. Importantly, CDK2 is a principal regulator of the G 1 /S transition (14, 38) and E7 promotes cell transit through this checkpoint into the S phase (7, 19, 29) . The demonstration that E7 directly alters cyclin A/CDK2 and cyclin E/CDK2 kinase activity but not cyclin B/CDC2 activity suggests a mechanism by which E7 might specifically disengage the G 1 /S checkpoint. In addition, CDK2 activation may be a conserved functional requirement of the viral life cycle, since it is conserved in both high-and low-risk forms of E7.
The E7 amino terminus contains two conserved regions (CR1 and CR2) with similarity to two noncontiguous portions of the adenovirus E1A protein and simian virus 40 T-antigen. Similar to E1A and T-Ag, CR1 (amino acids 1 to 16) and CR2 (amino acids 17 to 38) of E7 are implicated as important mediators of abnormal growth control (40, 41) . Our analyses of E7 find that the predominant CDK2 effect resides within CR1 and CR2, indicating that CDK2 activation may be conserved among other viral proteins. The CR1 and CR2 regions of E7 also overlap with biological activities that include immortalization, transformation, and promotion of DNA synthesis (reviewed in reference 41), suggesting CDK2 activation as a candidate for function in these activities as well.
A central complexity encountering HPV is replication of its genome within a cell, the differentiated keratinocyte, which under normal conditions does not support DNA synthesis. Previous studies have shown the E7 alone is sufficient for this activity (7, 29) and is required for HPV vegetative replication in raft cultures (18) . Our results suggest a means by which HPV E7 may promote onset of host cell S-phase through direct activation of CDK2. Activation of CDK2 histone H1 kinase activity may play an important role in preparing either host cell DNA (26) or papillomavirus DNA (15, 49) for replication. In addition, HPV E7 may act to redirect CDK2 activity toward virally encoded substrates and other yet unknown substrates that facilitate amplification of the virus.
